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Abstract Biological invasions by insects that vector
plant pathogens have altered the composition of
natural and urban forests. Thousand cankers disease
is a new, recent example and is caused by the complex
of walnut twig beetle, Pityophthorus juglandis, and
the fungus, Geosmithia morbida, on susceptible hosts,
notably some Juglans spp. and Pterocarya spp. Host
colonization by P. juglandis may be particularly
important for disease development, but the beetle’s
host range is not known. In the United States and Italy,
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this insect has expanded its geographic range by
colonizing naive hosts. The objective of this study was
to characterize limits to, and variation within, the host
range of P. juglandis and infer the extent to which
hosts might constrain the geographic distribution of
the insect. We examined colonization and reproduc-
tion by P. juglandis in no-choice laboratory experi-
ments with 11 Juglans spp., one Pterocarya sp., and
two Carya spp. over 2 years and found that all but the
Carya spp. were hosts. Reproduction was generally
greater on Juglans californica, J. hindsii, and J. nigra,
than on J. ailantifolia, J. cathayensis, J. cinerea, J.
major, J. mandshurica, J. microcarpa, or J. regia.
Escape of an insect vector into populations of
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evolutionary-naive hosts can facilitate rapid range
expansion by the pest and massive mortality to hosts.
Multi-continental plantings of suitable species may
facilitate geographic range expansion of P. juglandis
and place other, native Juglans spp. at risk.

Keywords Host-range expansion - Host suitability -
Pityophthorus juglandis - Thousand cankers disease -
Juglans

Introduction

Forest insects are important ecological disturbance
agents (e.g., Bentz et al. 2010; Gandhi and Herms
2010; Kautz et al. 2017). Global movement of forest
pests is of high concern to land managers and to the
public given the landscape scale mortality that can
result from establishment in naive hosts (Anulewicz
et al. 2008; @kland et al. 2011; Flg et al. 2014; Umeda
et al. 2016). Mortality can be particularly severe when
a forest insect vectors a plant pathogen to a susceptible
host. Notable examples of transformative forest dis-
eases in North America caused by insect-pathogen
complexes comprised of at least one non-native
species include beech bark disease (Ehrlich 1934),
Dutch elm disease (Brasier 1991), and laurel wilt
(Fraedrich et al. 2008). Range expansion by insects
through colonization of naive hosts can occur follow-
ing climatic shifts (de la Giroday et al. 2012), human-
mediated introductions (Hanula et al. 2008; Herms and
McCullough 2014), and widespread use of non-native
trees in urban or forested environments (Branco et al.
2015). Predicting which alien insects are likely to
invade and where the risk to forests is greatest is a
priority for federal land managers (Venette et al. 2010)
because prevention is the least costly form of invasive-
species management (e.g., Aukema et al. 2011; Koch
et al. 2011; Yemshanov et al. 2012).

One emerging threat to forestry and agriculture is
thousand cankers disease in the walnut family Juglan-
daceae (Kolarik et al. 2011; Tisserat et al. 2011;
Seybold et al. 2013). This family is distributed across
North and South America and Eurasia and contains
species that are important in forest ecosystems, in
cultivated nut production, and for high quality wood
products (Aradhya et al. 2006; Newton and Fowler
2009). Thousand cankers disease is caused by an
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insect-pathogen complex. The walnut twig beetle,
Pityophthorus juglandis Blackman, inoculates the
phloem of hosts with a fungal pathogen, Geosmithia
morbida Kolarik et al. (Kolafik et al. 2011). Males
initiate colonization of a host when they leave their
developmental (brood) host, locate a new host, bore
through the outer bark and feed in the phloem, create a
nuptial chamber, and attract females and other males
via an aggregation pheromone (Wood 1982; Seybold
et al. 2016). Host selection by males is influenced by
several stimuli (visual, tactile, olfactory, and gusta-
tory) from the potential host and ends with sustained
feeding in the phloem (Wood 1982). One to two
females join the male in the nuptial chamber, and after
mating, elongate egg galleries and lay eggs individ-
ually along the gallery walls. Development time from
egg through three instars to adult is approximately
12 weeks; two overlapping generations occur per year
(Dallara et al. 2012; Faccoli et al. 2016). Adult
offspring likely remain near the natal host or colonize
a proximate new host to reproduce, as the flight
capacity of adults is limited (Kees et al. 2017).
Intensive feeding by P. juglandis adults and larvae and
phloem necrosis from the fungal pathogen lead to
thousand cankers disease on susceptible hosts (Tis-
serat et al. 2009). The activity and abundance of
beetles in an area may be affected by the quality of
host trees (Faccoli et al. 2015).

Pityophthorus juglandis is native to northern Mex-
ico and the southwestern United States where its
native host, Juglans major, occurs (Rugman-Jones
et al. 2015). Pityophthorus juglandis has spread out of
its native range over the last century and as of
September 2015 occurs in 16 U.S. states (9 western; 7
eastern) and Italy (Montecchio and Faccoli 2014;
Seybold et al. 2016). This insect may remain under the
bark of cut wood from hosts, and untreated walnut
wood with bark may be moved for firewood (Jacobi
et al. 2012) or woodworking, for example (Newton
and Fowler 2009). From field observations, host-
switching has contributed to P. juglandis range
expansions. This insect species is established in both
adventive plantings and native stands of Juglans spp.
and some Pterocarya spp. (Tisserat et al. 2009; Flint
et al. 2010; Grant et al. 2011; Tisserat et al. 2011;
Serdani et al. 2013; Montecchio et al. 2014; Yaghmour
et al. 2014; Montecchio and Faccoli 2014; Hishinuma
et al. 2016; Seybold et al. 2016), yet many species in
the Juglandaceae occur in regions of the world where
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P. juglandis has not yet invaded (Aradhya et al. 2006).
The ability of P. juglandis to feed and reproduce in
these species is not known, but the susceptibility of
eleven species of Juglandaceae to G. morbida has been
investigated (Utley et al. 2013).

Juglans and Pterocarya are widely distributed
genera, and their geographic distributions might
reflect the potential range of P. juglandis worldwide.
The objective of this study was to test Juglandaceae
species for P. juglandis colonization and development
to characterize limits to, and variation within, the
insect’s potential host range. We examined the
likelihood of male establishment after one introduc-
tion to potential host material in the laboratory under
no-choice conditions and examined differences in
reproduction among hosts.

Materials and methods

Colonization and offspring (i.e., brood) production
were assessed in no-choice laboratory experiments
across 11 Juglans spp., one Pterocarya sp., and two
Carya spp. These species were collected from multiple
locations across the United States (Table 1). Specific
accession numbers for the plants are provided in
Supplemental Appendix 1. Multiple cultivars of
Juglans nigra were included as positive controls.
Carya illinoensis and C. ovata were included as
putative negative controls. Individual trees from
germplasm repositories were selected to avoid clones
or trees from the same seed source and to ensure a high
degree of genetic and geographic diversity in our
experimental material.

A tree species was defined as a host if adult
offspring were produced (i.e., complete growth and
development) (Hodkinson and Hughes 1982) and the
number of female offspring met or exceeded the
number of female parents (i.e., maternal replacement).
The primary metric of host suitability was the mean
total number of offspring produced per female parent
in branch sections of each tree species.

Cut branches were used in assays instead of whole
trees as host material for two reasons. First, there are
Juglandaceae that either do not occur or are rare within
the current geographic range of P. juglandis. Several
known hosts and other potential hosts were screened
simultaneously under uniform conditions. Second, a
reliable method to study P. juglandis reproduction in

cut branches has recently been developed (Hefty et al.
2016). Host effects have been detected in previous
bark beetle assays by using cut plant material (Svihra
and Volney 1983; Lee et al. 2008; Walter et al. 2010;
Mayfield et al. 2013; McKee et al. 2013).

Insects

Naturally infested hybrid black walnut branch sections
[Juglans hindsii x (J. nigra x J. hindsiilJ. califor-
nica] from a commercial seed orchard in Sutter Co.,
CA, USA (39°03.681'N, 121°36.818'W, 19.2 m ele-
vation) were shipped to a Biosafety Level-2 facility in
St. Paul, MN in February, March, April, and May 2014
to provide a source of parent beetles for experiments
conducted in 2014. Adult P. juglandis emerged from
these cut branch sections between July and September
2014. For experiments conducted in 2015, parent
beetles were sourced from infested Juglans californica
branch sections from the Juglans collection of the
USDA Agricultural Research Service (ARS) National
Clonal Germplasm Repository (NCGR) in Winters,
California  (38°30'10.7"N  121°58'51.5"W) and
shipped to St. Paul, MN in July, August, September,
and October 2015. Adult P. juglandis emerged daily
from those branch sections between September and
October 2015. All branch sections, in 2014 and 2015,
were held on a laboratory benchtop (20-22 °C,
30-50% RH, 14:10 L:D) in 3.8 L plastic jars (ULINE,
Pleasant Prairie, WI) with a top of modified micro-
mesh (“No-see-um” mesh; 96-112 holes per cm2;
Quest Outfitters, Sarasota, FL) that allowed air
exchange. Emerged beetles were collected daily, and
the sexes were separated (Bright 1981) and held in
sealed Petri dishes with moist Kimwipes (Kimberly
Clark, Roswell, GA) for 2 d before introduction to
branch sections.

Host range assays

When available, ten trees were sampled per species by
removing branches that were approx. 3-5 cm in
diameter. For some species, more than one branch
was sampled from the same tree because 10 individual
trees were not available (Table 1). The lowest repli-
cation occurred for C. ovata, which had four trees.
Pityophthorus juglandis preferentially colonizes
branches larger than 1.5 cm in the field (Seybold
et al. 2016). All samples (i.e., branch sections) were
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Table 1 Species, collection month and year, source, and number of trees (n) sampled in 2014 and 2015 from the USA to study
Pityophthorus juglandis male establishment and host suitability

Tree species Collection Source n

Carya illinoensis Jun-2014  Center for Agroforestry, Missouri 10
Carya ovata Jul-2014 HTIRC, Indiana® 4°
Juglans ailantifolia Jul-2014  HTIRC, Indiana; UMN Landscape Arboretum, Minnesota 10
Juglans cathayensis® Jul-2014 UMN Landscape Arboretum, Minnesota 6°
Juglans cinerea Jul-2014 HTIRC, Indiana 10
Juglans cinerea x ailantifolia  Jul-2014 HTIRC, Indiana; Umore Park, Minnesota 10
Juglans hindsii Aug-2014 USDA-ARS-NCGR, California® 10
Juglans major Jul-2014 ~ HTIRC, Indiana 9°
Juglans major Aug-2014 USDA-ARS-NCGR, California 10
Juglans mandshurica Aug-2014 USDA-ARS-NCGR, California 9°
Juglans microcarpa Jun-2014  Hays County, Texas (between Five Mile Dam: 10

29°56'26.6"N 97°54'07.2"W and Blanco Shoals: 29°54'24.0"N 97°53/43.4"W)
Juglans nigra Jun-2014  Center for Agroforestry, Missouri 10
Juglans nigra Jul-2014 ~ HTIRC, Indiana 10
Juglans regia Jul-2014  HTIRC, Indiana 5
Juglans regia Aug-2014 USDA-ARS-NCGR, California 10
Pterocarya stenoptera Sep-2014  USDA-ARS-NCGR, California 10
Carya illinoensis Jul-2015  Center for Agroforestry, Missouri 10
Carya ovata Jul-2015  HTIRC, Indiana 5°
Juglans ailantifolia Jul-2015 HTIRC, Indiana; UMN Landscape Arboretum, Minnesota 10
Juglans californica Aug-2015 USDA-ARS-NCGR, California 10
Juglans cathayensis® Aug-2015 UMN Landscape Arboretum, Minnesota 6°
Juglans cinerea Jul-2015 HTIRC, Indiana 10
Juglans cinerea x ailantifolia Jul-2015 HTIRC, Indiana; Umore Park, Minnesota 10
Juglans major Jul-2015  USDA-ARS-NCGR, California 10
Juglans microcarpa Aug-2015 Chaves County, New Mexico (33.378484°N, 8°
104.763235°W approx. 1250 m elevation)

Juglans nigra Jul-2015  Center for Agroforestry, Missouri 10
Juglans nigra Jul-2015 HTIRC, Indiana 10
Juglans regia Jul-2015  HTIRC, Indiana 5

Sources with geographical coordinates indicate collections outside of germplasm repositories
*HTIRC, Indiana = USDA Forest Service, Hardwood Tree Improvement and Regeneration Center, West Lafayette, Indiana
More than one branch was collected from the same tree when ten individual trees were not available

“These samples listed as J. cathayensis at the University of Minnesota Landscape Arboretum may have been Juglans mandshurica
based on their cold hardiness

YUSDA-ARS-NCGR, California = USDA Agricultural Research Service (ARS) National Clonal Germplasm Repository (NCGR)
Juglans and Pterocarya Collections, at Wolfskill Experimental Orchards in Winters (Solano County), California (38°30'10.7"N
121°58'51.5”W), A branch section from one accession of J. californica was also collected from the UC Davis, Hutchison Rd.
Collection, Davis (Yolo County), California (New Stuke Block)

placed in plastic bags to reduce desiccation and kept in Paul, MN. Samples collected from Indiana and locally
a cooler. Material from Texas, New Mexico, Missouri, in Minnesota were driven to St. Paul within 3 d after
and California was sent via overnight courier to St. collection. Upon arrival, branches were cut to
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25.4 cm, dipped in paraffin wax to seal cut ends, and
placed in cold storage (&~ 4 °C) until beetles were
available.

Cut branches from California were held in a
— 80 °C freezer for 24 h to kill subcortical insects
because these samples originated from counties
(Solano and Yolo) known to have P. juglandis. Once
branch sections were thawed, they were dipped in
2-5% bleach solution and allowed to dry to inhibit
fungal growth at beetle entry sites (see below).
California branch sections were sealed with Tree
Bandage (Forestry Suppliers, Inc., Jackson, MS)
because melting paraffin wax was not permitted in
the quarantine facility. For the remainder of the text,
when a tree species is discussed the state from which
the material originated is designated within
parentheses.

Methods developed by Hefty et al. (2016) were
followed to infest branch sections with P. juglandis.
Surface area was calculated from the length and
diameter of each branch section and entrance holes
were drilled at the density of two holes/100 cm” of
surface area. Entrance holes were drilled at a 30° angle
to allow easier access to phloem and to avoid direct
insertion of beetles into the xylem. The holes were
approximately 2 mm in diameter, extending no further
than to the sapwood surface.

Male P. juglandis were placed on bark for 10-15 s
to confirm normal ambulatory behavior. Males that did
not walk were discarded. One male was placed in each
drilled hole with a fine paint brush. Holes were
covered with modelling clay (Craft Smart natural clay,
Irving, TX) to prevent males from escaping per Hefty
et al. (2016). Males were checked daily and replaced
up to three times until signs of boring were visible (i.e.,
frass accumulation around the hole from feeding and
excavation in the underlying phloem). The number of
male introductions was recorded for each hole on each
cut branch section. If the first male accepted the branch
after one introduction, the event was recorded as a 1. If
a second or third male was introduced to a hole due to
inactivity or death, the event was recorded as a 0.

Males were introduced to branch sections by using
a randomized block design of 10—12 host species per
block per day. If there were not enough male parents
for a full block in 1 day, then that day was skipped. In
2014, branch sections from California were received
in late summer after ten other tree species were
infested (early summer), so in this instance, material

was infested in sets of ten cut branches as they arrived
in St. Paul.

After males showed signs of boring, the first step of
host selection, one female was introduced to each hole
with a fine paint brush. Females were also tested for
normal ambulatory behavior before experimentation.
Holes were re-sealed with modelling clay until feeding
was evident. The time from placement of a male or
female beetle into a drilled hole to signs of boring
varied from 1 to 5 days. These procedures resulted in
colonization densities of two to six mating pairs per
cut branch section. After all mating pairs were
established on a cut branch, the branch was placed in
a 3.8 L plastic jar with modified lid (as described
above), and jars were placed in a growth chamber
(21 °C, 50% RH, 14:10 L:D).

After 12 weeks, all adults that had emerged into the
rearing jars were counted. Cut branches were trans-
ferred into separate 3.8 L freezer bags and placed in a
refrigerator (& 3 °C) until branch sections could be
sampled. Insect reproduction is temperature depen-
dent, and reproduction by P. juglandis at this temper-
ature is unlikely. Outer bark was removed carefully
with a #22 blade X-ACTO knife (Elmer’s Products,
Inc., Westerville, OH) to expose egg galleries and
larval mines. Larvae, pupae, and adults from galleries
were removed with a fine paint brush and tallied. The
total number of parents introduced to each branch
section was subtracted from the number of adults
found in the jar and branch.

In 2015, the same host species were screened
(Table 1), with a few modifications. Reduced avail-
ability of parent beetles limited protocol to one
entrance hole/100 cm? of surface area, which limited
intraspecific competition beneath the bark (Hefty et al.
2016). Males were replaced up to five times to ensure
that reproduction could take place at a lower colo-
nization density. Tree species from California were
included with other species in the randomized block
design. The focus with the California material in 2015
was the putative ancestral host (J. major) and a
susceptible host from the invaded range (J. califor-
nica; Table 1).In 2014, at the end of 12 weeks, we had
observed that the branch sections appeared to dry out,
so in 2015, we measured percent moisture with a
moisture meter (approximately 1 cm pin length,
Delmhorst J-2000, Towaco, NJ) when the first male
was introduced and at the end of 12 weeks. The sexes

@ Springer



2146

A. R. Hefty et al.

in a random subsample of adults from each host were
separated (n = 20) to determine sex ratio.

Data analyses

Generalized linear mixed effects models with a
binomial data distribution were used to examine the
effect of tree species on the probability of male
establishment after one introduction event, where
species was treated as a fixed effect and source tree
was treated as a random effect to help account for
instances where more than one branch was taken from
a single tree. After progeny emerged, species were
assigned a host status (i.e., host or non-host). Gener-
alized linear mixed effects models also were used to
examine the effect of host status on the probability of
male activity after one introduction where host status
was treated as a fixed effect and source tree was treated
as a random effect. Data were analyzed in R v3.2.3 (R
Core Team 2015) with the packages ‘lme4’ and
‘lmerTest’” to fit and evaluate mixed-effects models
(Kuznetsova et al. 2013; Bates et al. 2015). Separate
analyses were performed for tree species infested in
2014 and 2015.

Analyses of the effect of tree species on reproduc-
tion by P. juglandis only included species that could
be considered hosts. Generalized linear models were
used to determine the effect of host on immatures
(larvae and pupae) per female, adult brood per female,
and total brood per female. For each measure of
reproduction, when two branches were collected per
tree (rare), values were averaged to provide a single
measure for the tree and avoid pseudoreplication. The
potential effects of host species on reproduction per
female were analyzed in SAS ver 9.4 (Proc GLM,;
SAS, Cary, NC) with Tukey’s HSD test for post hoc
comparisons among means. In 2014, cut branches
collected from California arrived later in the summer
and were infested at a later time, so these data were
analyzed separately from data collected from branch
sections infested earlier in the summer. In 2015, data
from all cut branches were analyzed together. Square
root transformations were used to satisfy model
assumptions (normality of errors and homoscedastic-
ity of variances) for analyses of 2014 and 2015
reproduction data. For 2015 data, initial analyses in R
indicated no effect of change in percent moisture
(starting—final percent moisture) on total brood per
female (Fy7, = 1.25, P = 0.27), adults per female
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(F172 = 1.66, P = 0.20), or immatures per female
(F17022 = 0.54, P = 0.46). There was also no effect
of the interaction between host and change in percent
moisture (Fy7, < 2.82, P > 0.52), so model results
are reported without a term for change in percent
moisture of the branch sections.

To determine if the proportion of male to female
adult offspring varied among Juglans hosts, logistic
ANOVA and a binomial data distribution was used
in R.

Results
Male establishment

The probability of male establishment immediately
after one introduction to a branch section did not vary
across host species tested in 2014 (xie = 23.24,
P = 0.10, Fig. 1a) but did in 2015 (33, = 27.75,
P = 0.003, Fig. 1b). In general, we found that males
were less likely to colonize material that would not
support further brood development, although almost
half of them would readily chew exposed phloem at
first presentation (Fig. 1). This pattern was consistent
across both years. In 2014, the likelihood of male
establishment after one introduction was 77-94% for
all Juglans spp. and P. stenoptera. Male establishment
after one introduction was 69% for C. illinoensis (MO)
and 64% for C. ovata (IN), even though no brood
developed in these hosts (see below). In 2015, the
likelihood of male establishment after one introduc-
tion ranged from 50 to 89% for Juglans spp., and
was < 50% for C. illinoensis (MO) and C. ovata (IN).

Brood production

For tree species assayed in early summer 2014, the
total number of brood per female from P. juglandis
varied by species (Fg7; = 8.53, P < 0.001; Table 2).
Again, if the number of brood exceeded the number of
parents in a tree species, we considered it to be a host.
All tested Juglans species and P. stenoptera were
hosts (Fig. 2), and the two Carya species were not
hosts (Fig. 2; Table 3). Among hosts, we found that
per capita reproduction varied nearly -eightfold
(Fig. 2), from 5.0 & 2.4 total brood per female
(mean =+ SE) in J. microcarpa (TX) to 39.3 £+ 6.2 in
J. nigra (IN). We found that J. nigra (IN) and J.
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Fig. 1 Likelihood (+ SE) of male Pityophthorus juglandis
establishment after one introduction in branch sections from
species of Carya, Juglans, and Pterocaryaina 2014 and b 2015.
The left-hand grouping distinguishes species later confirmed to
be hosts from non-hosts. The number of test branch sections is
noted at the bottom of each histogram bar in parentheses. State

cinerea x ailantifolia (IN) had the greatest mean
number of adult progeny per female (24.3 £ 4.9 and
20.8 £ 4.7, respectively). Among species that could
be considered hosts, J. microcarpa from southwestern
Texas had the lowest mean adult progeny per female

abbreviations (USA) designate where the trees were grown.
Asterisk, the likelihood of male establishment after one
introduction was significantly greater for hosts collectively than
non-hosts in 2014 (x% = 13.67, P <0.001) and 2015
(3 = 9.43, P = 0.002)

(1.7 £ 1.2). No adult offspring developed in C.
illinoensis or C. ovata. One early instar developed in
C. illinoensis, which was successfully colonized by
only one male and female.
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Table 2 Summary of

Year Response variables F df P
ANOVA results for tests of
host species effects on 2014 (early summer) Total brood per female 8.53 8,71 < 0.001
metrics of reproduction of Adult brood per female 7.26 8, 71 <0.001
Pityophthorus juglandis
across the Juglandaceae, Immature brood per female 7.56 8,71 < 0.001
2014 and 2015 2014 (late summer) Total brood per female 5.45 5,53 < 0.001
Adult brood per female 3.93 5,53 0.004
Immature brood per female 5.67 5,53 < 0.001
2015 Total brood per female 7.67 9, 79 < 0.001
Adult brood per female 4.75 9,79 < 0.001
Immature brood per female 5.27 9,79 < 0.001
Fig. 2 Mean (4 SE) total 55
offspring (= brood) of 2014 (| adult
Pityophthorus juglandis per 50 - I immature
female, partitioned into a

mean numbers of adults and
immatures (larvae and
pupae) per female for branch
sections of potential host
species of Carya and
Juglans collected in 2014.
Means with different letters
indicate significant
differences at oo = 0.05 for
total combined brood. State
abbreviations (USA)
designate where the trees
were grown

Mean (+SE) total brood/female

When we assayed additional species from Califor-
nia in late summer 2014, we again found differences in
reproduction among hosts (F5s53 = 5.45, P < 0.001;
Table 2). Mean total brood per female ranged from
371 £ 091 in P. stenoptera to 23.6 = 4.48 in J.
hindsii (Fig. 3). Pterocarya stenoptera and J. hindsii
also produced the lowest (0.6 & 0.4) and greatest
(10.6 &+ 2.6) mean number of adult progeny per
female, respectively (Fig. 3).

For tree species assayed in 2015, again, strong
species-level differences in reproduction emerged
(F979 = 7.67, P <0.001; Table 2). Among hosts,
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we found that suitability varied approximately ten-
fold (Fig. 4). Mean total brood per female ranged from
4.3 + 2.5 in J. microcarpa (NM) to 42.9 £ 6.0 in J.
nigra (MO). Juglans nigra from Missouri and J.
californica from northern California supported the
highest mean adult progeny per female (14.5 £ 5.0
and 13.8 + 4.4, respectively). Juglans microcarpa
(NM) and J. ailantifolia (IN and MN) yielded the
lowest mean adult progeny per female, 0.6 + 0.4 and
0.8 £ 0.5. Similar to 2014, no adult offspring devel-
oped in C. illinoensis and C. ovata. In 2015, mean
adult progeny per female was lower than in 2014 for
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Table 3 Summary of Pityophthorus juglandis host assays, 35 1 2014 [ adult
2014 and 2015 B immature
Tree species Female parent replacement? 30 -

a
Carya illinoensis No* o
Carya ovata No* g 25 |
Juglans ailantifolia Yes % a
Juglans californica Yes 8
Juglans cathayensis Yes E 20 7 ab
Juglans cinerea Yes % ab
Juglans cinerea x ailantifolia Yes 5 15 -
Juglans hindsii Yes C_{_)
Juglans major Yes =
Juglans mandshurica Yes 8 10 1 b
Juglans microcarpa Yes = b
Juglans nigra Yes 5
Juglans regia Yes
Pterocarya stenoptera Yes o
Two criteria were examined for each tree species: growth and . kQP‘\ KON \(‘,N ‘ \QN . kQP‘\ KON
development to the adult stage and production of female ““\ds“ "0«\'\06 “\)('\Ga ((\a\o( we@‘a 09\6(6
offspring that equaled or exceeded the number of female 3 3 o' & > ?'5\6“

parents introduced

“No adult offspring were produced in Carya species

all hosts except J. californica (CA) and J. nigra (MO).
Juglans californica (CA) had a higher mean adult
progeny per female in 2015 than in 2014 and J. nigra
(MO) had a similar level of adult development in both
years. In 2015, all Juglans spp. tested and P.
stenoptera met the two conditions for host status;
Carya spp. did not meet either condition (Table 3).

In Juglans hosts, P. juglandis females produced
approximately one male offspring to two female
offspring (M:F ratio was 0.53 £ 0.02). Sex ratio did
not vary by host (31, = 18.83, P = 0.09).

Discussion

Successful, but varied, reproduction of P. juglandis in
branch sections of P. stenoptera and all Juglans spp.
tested suggest that host may mediate and limit the
geographic range expansion of P. juglandis through
native and adventive Juglans and Pterocarya plant-
ings in the United States, Europe, and elsewhere. One
species that is native to the eastern United States, J.
nigra, and two species that are native to the western

Fig. 3 Mean (+ SE) total offspring (= brood) of Pityophthorus
Jjuglandis per female, partitioned into mean numbers of adults
and immatures (larvae and pupae) per female for branch sections
of potential host species of Juglans and Pterocarya collected in
California in 2014. Means with different letters indicate
significant differences (a0 = 0.05) for total combined brood

United States, J. californica, and J. hindsii, generally
supported the greatest levels of reproduction. Results
for J. nigra span the range of possible outcomes; in
2015, while the per capita rate of reproduction was
greatest on cut branches from Missouri, it was among
the least on cut branches from Indiana. For the western
species, especially J. californica, these observations
are consistent with high levels of thousand cankers
disease infection and tree mortality witnessed at the
USDA ARS NCGR collection (Solano Co., Califor-
nia) and concomitant decline of tree vigor observed in
the native range (Seybold et al. 2016; Hishinuma
2017). Less suitable hosts in our experiments included
native southwestern United States species (J. major
and J. microcarpa), Eurasian species (J. regia), Asian
butternuts (J. ailantifolia, J. mandshurica, and J.
cathayensis), a second native eastern United States
species (J. cinerea), and one of its hybrids (J. ailan-
tifolia x cinerea). Less suitable hosts may reduce
spread rates by producing fewer adults, whereas more
suitable hosts, given appropriate environmental
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Fig. 4 Mean (4SE) total 55
offspring (= brood) of 2015 £ adult

50 | a Il immature

Pityophthorus juglandis per
female, partitioned into
mean numbers of adults and
immatures (larvae and
pupae) per female for branch
sections of potential host
species collected in 2015.
Means with different letters
indicate significant
differences at o = 0.05 for
total combined brood

Mean (+SE) total brood/female

conditions, would lead to greater spread rates if the
dispersal behavior of the insect is unaffected.

Because J. major in the southwestern United States
and Mexico has been reported as the putative native
host of P. juglandis (Wood and Bright 1992; Seybold
et al. 2016), our observations of modest levels of
reproduction in this host suggest a co-evolved resis-
tance to P. juglandis (Rugman-Jones et al. 2015).
Thousand cankers disease may be another emerging
example where escape of an insect herbivore into
populations of evolutionary-naive hosts (e.g., J. nigra,
J. californica, J. hindsii) can facilitate rapid range
expansion and widespread mortality to hosts (Haack
et al. 2010; Cullingham et al. 2011; Herms and
McCullough 2014).

From our assays, P. juglandis appears to be a
generalist within the genus Juglans and may be able to
reproduce in other Juglans that we have not yet
screened. We confirmed that some members of each of
the four major taxonomic sections of genus Juglans
are hosts, which strongly suggests the existence of
other host species. The section Rhysocaryon is
monophlyetic and comprised of J. major, J. micro-
carpa, J. nigra, J. californica, J. hindsii, and the
somewhat more distantly related J. australis, J.
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boliviana, J. neotropica, J. guatemalensis, and J.
olanchana; section Cardiocaryon includes J. mand-
shurica, J. ailantifolia, and J. cathayensis; section
Trachycaryon only includes J. cinerea; and section
Dioscaryon is comprised only of J. regia (Stanford
et al. 2000). The phylogenetic relationships among
species are generally supported by Orel et al. (2003).
Examples of Juglans spp. not included in our assays
have distributions in Central Asia (J. sigillata),
Central America (J. mollis and J. olanchana), and
South America (J. australis and J. neotropica), which
suggests that these regions could be vulnerable to
invasion by this insect (Fig. 5).

Additional hosts outside Juglans may occur. Our
finding of P. stenoptera as a host is consistent with
field observations of colonization and reproduction by
P. juglandis in this and two other Pterocarya spp.
(Hishinuma et al. 2016). We agree with Hishinuma
et al. (2016) that the genera Alfaroa, Annamocarya,
Carya, Cyclocarya, Engelhardia, and Platycarya (all
Juglandaceae) merit attention in future host range
assays. Cyclocarya falls within the subtribe Jugland-
inae, as do Juglans and Pterocarya (Manos and Stone
2001). Our finding that Carya is unlikely to be a host
suggests that other genera within the subtribe
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J. hindsii

J. californica

J. major

Fig. 5 Potential distribution of Pityophthorus juglandis based on native ranges of Juglans hosts in North America, South America, and

Eurasia (map reproduced with permission from Aradhya et al. 2006)

Caryinae, such as Annamocarya, may not be hosts.
Platycarya (tribe Platycaryeae) is basal within the
subfamily Juglandoideae (Manos and Stone 2001), so
knowledge of its host status would be useful to
determine if suitability for P. juglandis is an ancestral
or derived state within the clade. Alfaroa, Engel-
hardia, and Oreomunnea fall within the subfamily
Engelhardioideae for which we have tested no repre-
sentatives, so any projection of host usage by P.
juglandis extrapolated from known hosts would be
highly speculative.

Planting of susceptible species may be expanding
the geographic area at risk from invasion by P.
Jjuglandis. Juglans regia is the most widely planted nut
tree in the world (Stanford et al. 2000; Martinez et al.
2010). Pityophthorus juglandis has colonized trees in
commercial J. regia orchards throughout California,
USA (Flint et al. 2010; Yaghmour et al. 2014;
Rugman-Jones et al. 2015; Seybold et al. 2016) and
northern Italy (Montecchio et al. 2014; Faccoli et al.
2016). Pityophthorus juglandis has not been reported
in the Southern Hemisphere, but commercial plantings
of J. regia have been increasing in Australia (RIRDC
2017) and South America (Ramirez 2015), especially

in Chile and Argentina (Martinez et al. 2010). In Chile,
walnuts typically have been grown on rootstock from
J. regia, J. hindsii, or their hybrids (Sotomayor and
Castro 2004; S.S. Silva, personal communication).
Planting non-native cultivars may also serve as a
bridge to native walnut species. However, this risk
may be low if the climate or other biotic factors are not
favorable for P. juglandis to survive (Hefty et al.
2017).

Some Juglans species native to Eurasia and Asia
are planted as ornamentals and small-scale nut trees in
the United States. Juglans ailantifolia, for example,
produces “heartnuts” and was introduced from Japan
to the eastern United States as an ornamental tree
(Manning 1978) in the late 19™ century. Its introduced
range overlaps with the native North American range
of butternut, J. cinerea, and the two can hybridize
(Zhao and Woeste 2011). There are no records of P.
Jjuglandis colonizing J. ailantifolia, J. cinerea, or
hybrids of J. cinerea x J. ailantifolia in the eastern
United States, though branch sections of J. cinerea
baited with an attractant were colonized in Tennessee,
USA (Hefty et al. 2016) and live trees of both species
and perhaps the hybrid have been colonized with
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successful reproduction at the USDA ARS NCGR
Juglans Collection (SJS, unpublished data). If intro-
ductions of P. juglandis continue to occur, however,
these species could putatively support P. juglandis
populations on the landscape in eastern North America
or Asia (Table 3).

Before our study, it was unknown if P. juglandis
could develop in Asian butternuts or North American
hickories (Carya). Juglans ailantifolia, J. mand-
shurica, and J. cathayensis occur in portions of China,
Taiwan, Japan, and Korea (Bai et al. 2016). Our data
suggest that range expansion of P. juglandis via two
Carya spp. is very unlikely. Pecan, C. illinoensis, is
native to the southeastern United States and grown
widely for nut production (Newton and Fowler 2009).
Shagbark hickory, C. ovata, also native to eastern
North America, is an important food source for
wildlife (Grauke 2016). Although we have found that
male P. juglandis will attempt to feed on Carya spp.
under no-choice conditions and, in theory, that
pathogen transmission could occur, Utley et al.
(2013) reported that these tree species are not hosts
for G. morbida. Wood (1982) describes bark beetle
host selection as beginning with “the response to host
stimuli prior to (and/or after) landing on the tree” and
ending with “sustained feeding in the phloem.” Our
assays skipped several steps in this process by placing
the males and females directly into the phloem of the
Carya spp. branch sections. Under these conditions,
males appeared capable of completing the process of
host selection at a relatively low frequency. It is not
clear if they could complete the initial steps under
natural conditions, and furthermore, given the low
frequency of completion of host selection and near
absence of larval development in our assays, popula-
tions would be unlikely to build if Carya species were
the only Juglandaceae present.

The long-term environmental consequences of
thousand cankers disease on the Juglandaceae
resource remain unknown. Of all species tested, J.
nigra is the most susceptible to G. morbida (Utley
et al. 2013). In 2002, the estimated value of J. nigra
growing stock in the eastern United States was over
half a trillion dollars (Newton and Fowler 2009).
Aggressive feeding by larvae and adults on J. nigra,
combined with high susceptibility to the pathogen, and
potential host stress induced by local growing condi-
tions, all likely contributed to the rapid decline of J.
nigra throughout the western United States (Tisserat
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etal. 2011). Despite this impact in the West, J. nigra in
its native range does not appear to be as susceptible to
the disease. Initial widespread mortality in the western
United States prompted grave concern for urban forest
managers and nut growers (Newton and Fowler 2009),
but in the eastern United States where J. nigra is
native, thousand cankers disease appears to progress at
a slower rate. In some cases, trees have been able to
recover, although recovery varies with site character-
istics (Griffin 2015). More research is needed to
determine host-selection characteristics of P. juglan-
dis on live hosts, with an emphasis on varying vigor
and pathogen interactions across hosts.

Specific mechanisms of host resistance to P.
Jjuglandis, such as induced and constitutive defenses,
also require further study in this system. In our assays,
J. microcarpa, J. ailantifolia, and P. stenoptera
exhibited some of the lowest brood production per
female, suggesting that potential host resistance to
beetle reproduction could be exploited through devel-
opment of hybrids with these species. The absence of
any records of P. juglandis from native stands of J.
microcarpa (Graves et al. 2011) coupled with our data
on reproduction suggest that this species, in particular,
may be particularly useful in a breeding program
targeting resistance to P. juglandis.

The impacts of thousand cankers disease in the
United States and Europe vary considerably, and the
consequences of future spread by P. juglandis in South
America, into Eurasia, or the Asian Far East and
Australia are difficult to project, a difficulty common
to many biological invasions (Venette et al. 2010).
Certainly, the high incidence of human-mediated
movement of P. juglandis in infested wood increases
the risk of future introductions from the United States
and Europe to the other continents (Hefty 2016). Our
study supports the importance of monitoring in native
and adventive stands of Juglans and Pterocarya to
minimize future spread and impacts from P. juglandis.
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